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Host controlour viruses like SV40 and polyoma was one of the major entry points for the
study of eukaryotes. It opened ﬁelds like gene structure, transcription or replication control, chromatin
structure and cell transformation. This review outlines the breakthroughs that occurred at the end of the
1970s and during the 1980s in our understanding of gene structure and the basic processes involved in
control of gene expression starting with DNA tumour viruses and reaching their cellular hosts. These
developments were made possible by concomitant advances in the isolation of restriction enzymes,
developing DNA sequencing protocols, DNA cloning, DNA transfections, in vitro transcription systems and
isolation of sequence speciﬁc DNA binding protein among others. The conceptual and methodological
advances that resulted from the studies of small DNA tumour viruses opened the era for the study of host
genomes far more complex, culminating with the establishment of the sequence and a functional map of the
human genome.
© 2008 Elsevier Inc. All rights reserved.Genetic and biochemical studies of bacteriophages in the 1960s
and 1970s revealed many of the basic principles of the control of gene
expression in prokaryotes (Ptashne, 2004). The identiﬁcation of small
DNA tumour viruses like Human Papillomavirus, Polyoma virus, SV40
and Adenovirus, and the successful propagation in tissue culture of
the last three opened up the ﬁeld for similar genetic and biochemical
studies of mammalian viruses (see Tooze,1981 and references within).
Following the establishment of physical maps of the viral genomes a
number of groups started to map the viral mRNA. Employing RNA–
DNA hybridization techniques and electron microscopy they demon-
strated that in the case of both SV40 and polyoma RNA originates from
both strands with a switch between early and late transcripts after the
onset of viral DNA replication. In parallel a number of scientists
studied the viral structural proteins as well as the tumour antigen(s)
expressed in the transformed or infected cells.
The advent of DNA cloning techniques, DNA transfection, gene
manipulation and in vitro transcription extracts opened up the ﬁeld
for the analysis of transcription control sequences and factors. In this
review article we will summarize the impact that these initial studies
on SV40 and polyoma had on the ﬁeld of transcription.
Physical maps of viral genomes
A major breakthrough in the molecular analysis of viral replication
and transcription came with the discovery of restriction enzymes thatl rights reserved.cleaved viral DNA at multiple or single positions and permitted the
establishment of physical maps of viral genomes (Danna and Nathans,
1971; Danna and Nathans, 1972; Morrow and Berg, 1972). Such maps
coupled with RNA–DNA hybridization also permitted the assignment
of the early and late regions of the viral genome. Deletions generated
after restriction enzymes cleavage alone or combined with exonu-
clease treatment also gave rise to mutant viruses and permitted the
superposition of the genetic and physical maps (Brockman and
Nathans, 1974; Mertz and Berg, 1974). Another approach to map
viral functions to the viral DNA involved the complementation of ts
mutants with restriction fragments of a wild type genome (Lai and
Nathans, 1974a, 1974b).
With the development of DNA sequencing techniques by (Maxam
and Gilbert, 1977) and (Sanger et al., 1977), scientists established the
nucleotide sequence of SV40 (Reddy et al., 1978; Fiers et al., 1978)
polyomavirus (Soeda et al., 1980) and later the ﬁrst human and bovine
papillomavirus genomes (Danos et al., 1982; Chen et al., 1982). These
sequences deﬁned the nature of the structural and non-structural
proteins encoded by these viruses. In addition they revealed the
presence of non-coding sequences between the early and late genes
that included the origins of replication and the control sequences for
viral transcription (Fig. 1).
In parallel with these studies sequencing of the 5′ ends of
adenovirus mRNA, and observation of RNA–DNA hybrids by electron
microscopy revealed the unexpected nature of mature viral mRNA, the
splicing of distinct sequences originating from non-contiguous
regions of the genome (Gelinas and Roberts, 1977; Berget et al.,
1977). Similar observations weremade soon after for the late mRNA of
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al. 1980). As illustrated in Fig. 1, the early mRNAs encoding for T-
antigens are splicedwithin the coding sequences while the late splices
leader RNA is non-coding. Parallel studies on cellular genes rapidly
revealed that most of the mammalian genes are discontinuous,
constituted by a series of exons and introns with only the ﬁrst
maintained in the mature mRNA giving rise to the encoded proteins.
Viral chromatin
Early studies on the viral DNA genome isolated from polyoma virus
particles showed that the circular double stranded molecules areFig. 1. Physical maps of SV40, polyoma and HPV18 genomes. The origin, open reading frame
non-coding segment between the early and late functions.negatively supercoiled whenpuriﬁed away from all proteins (Weil and
Vinograd, 1963). The same is true for SV40 and papillomavirus DNA.
This property was extremely useful for the separation of viral DNA
from contaminating cellular DNA during puriﬁcation based on CsCl
density gradients in the presence of the intercalating compound
ethidium bromide. The same technique was used for the puriﬁcation
of recombinant plasmids in the pre-kits days. A second property
determined by the analysis of proteins present in virus particles by
polyacrylamide gels and ﬁngerprinting was that these viruses
contained cellular histones (Frearson and Crawford, 1972; Fey and
Hirt, 1975). The link between these two observations became clear
later following two streams of experiments. Assembly of the four cores and genome size are indicated. The transcription control sequences are located in the
Fig. 2. SV40minichromosomes displaying (B–E) or lacking (A) a segment of DNA devoid
of nucleosomes. Nuclei were isolated from SV40 infected African green monkey kidney
cells and the viral chromatin was leaked out in the presence of NP40 mild detergent.
After puriﬁcation on a sucrose gradient the minichromosomes were absorbed on
positively charged carbon grids (Dubochet et al. 1971), mildly stained with uranyl
acetate and observed with the Philips 301 and 400 electron microscopes. Reproduced
with permission from Saragosti et al. (1980).
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was shown to protect supercoiling in DNA. This suggested that
histones are associated with the viral DNA in the context of virus
particles, and that their removal during DNA puriﬁcation resulted in
the supercoiled nature of the protein-free viral DNA (Germond et al.,
1975). Examination of native SV40 or polyoma minichromosomes
leaked out from infected nuclei by electron microscopy techniques
that preserved protein–DNA interactions conﬁrmed that the viral DNA
is indeed associated with histones in structures resembling the “beads
on the string” arrays seen with cellular chromatin. The major
difference was the size of these strings. While cellular chromatin
gave rise to very long strings the viral genomes were found in circular
structures containing 20–24 spherical particles or nucleosomes
(Grifﬁth, 1975; Cremisi et al., 1975; Bellard et al., 1976). Treatment of
these mini-chromosomes with protein denaturing agents like SDS
gave rise to superhelical circular DNA further demonstrating that
superhelicity can be linked to thewrapping of DNA around the histone
octamer core. DNA length measurements, higher resolution images
and comparison of the intensity of DNA stain in the linker relative to
the nucleosomes conﬁrmed that two turns of viral DNA are wrapped
around the histone cores (Moyne et al., 1981). Studies of such
minichromosomes also revealed that newly synthesized histones are
assembled on replicating intermediates (Cremisi et al., 1977) and that
H3–H4 association precedes that of H2A and H2B core histones
(Cremisi and Yaniv, 1980).
DNase I hypersensitivity and nucleosome free region
Several groups studying SV40 minichromosomes realized that it
included a segment that was preferentially cleaved when exposed to
endogenous or to externally added nuclease like DNaseI (Varshavsky
et al., 1979; Scott and Wigmore, 1978; Waldeck et al., 1978). This
region was physically mapped to the vicinity of the origin of
replication. Further studies by protein–DNA cross-linking and by
electron microscopy showed that the hypersensitive region is devoid
of histones and is mapped between the replication origin and the start
site of late transcription. It included the three GC rich 21 bp repeats
and the two 72 bp repeats found on the late side of the origin of
replication (Varshavsky et al., 1979; Jakobovits et al., 1980; Saragosti et
al., 1980). Fig. 2 depicts EM images of SV40minichromosomes without
(roughly 80% of the population) or with a gap (20% of the population).
The gap was mapped to the late side of the origin of replication by
cleavage of these minichromosomes with Bgl1 that cleaves SV40 DNA
at a unique site at the origin of replication (Saragosti et al., 1980).
Studies with Drosophila chromatin have also shown that speciﬁc
chromosomal sequences arehypersensitive toDNaseI digestion and that
such sequences are present at the 5′ end of active genes (Wu et al.,1979;
Wu, 1980). Together these studies established a correlation between
nuclease sensitivity and transcription control sequences.
Viral promoters and enhancers
RNA–DNA hybridization, EM, sequence analysis, RNase protection
and primer extension studies permitted to map precisely the start site
(s) of early and late viral transcripts (see Tooze, 1981 for details). The
advent of techniques to clone andmanipulate DNA fragments together
with techniques to assay for promoter activity by DNA transfection
into cells or in cell free nuclear extracts opened the way for the
characterization of transcriptional control sequences in viral genomes.
This was done in parallel with pioneering studies on adenovirus early
and late genes, herpesvirus thymidine kinase or cellular globin genes.
Such studies were facilitated by the development of reporter plasmids
that allowed following the level of RNA synthesis indirectly by
measuring enzymatic activities, e.g. chloramphenicol acetyl transfer-
ase (CAT) (Gorman et al., 1982) or guanine phosphoribosyl transferase
(GPT) (Mulligan and Berg,1980) in transient or stable transfected cells.In the case of SV40 early transcription giving rise to mRNAs encoding
for the large and small T-antigens, these studies showed that roughly
100 bp preceding the 5′ start site controlled the site of initiation and
the basal level of transcripts (Benoist and Chambon,1981) (Gruss et al.,
1981). The initiation site itself is located 30 bp downstream of a TATA
sequence. Such an AT rich box was initially identiﬁed in promoters of
the histone genes in Drosophila. In SV40, the proximal sequences
preceding the initiation site included three repeats of 21 bp rich in GC
residues that will be discussed below.
Two repeats of a 72 bp sequence are found upstream of the 21 bp
repeats. Deletion studies have shown that these sequences are
essential for optimal transcription in vivo from the early promoter.
Their removal decreased promoter activity by more than 10-fold.
Surprisingly these sequences could restore transcription when put
back in the plasmids in either orientation upstream of the 21 bp
repeats or even when introduced 3′ to the transcription unit or
upstream of other promoters (Banerji et al, 1981; Moreau et al., 1981).
Similar observations were made by Fromm and Berg (1983). An
enhancer element was also mapped in the polyoma sequences on the
late side of the replication origin (de Villiers and Schaffner, 1981).
These studies were reminiscent of an observation by Grosschedl
and Birnstiel (1980) of sequences foundmore than 100 bp upstream of
the cap site of the H2A histone gene acting in an orientation
independent manner to activate the transcription of this gene when
injected in Xenopus oocytes. They were followed closely by studies on
the immunoglobulin heavy chain locus. These experiments showed
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segments can activate the promoter found upstream of the rearranged
variant region in a tissue speciﬁc manner (Banerji et al., 1983; Gillies et
al., 1983; Neuberger, 1983). Furthermore analysis of the integration
pattern of avian leukosis retrovirus in the vicinity of the c-myc gene in
bursal lymphoma cells strongly suggested that retroviral LTRs also
behave as enhancers acting at a distance (Payne et al., 1982).
Polyoma virus is unable to replicate in mouse embryonic
carcinoma (EC) or mouse stem cells (ES). Mutants that overcome
this cell type restrictionwere isolated in several laboratories. Together
with the laboratory of Daniel Blangy we cloned such host range
variants and showed that they contain sequence rearrangements
within their non-coding regions between the early and late promoters
in the vicinity of the origin of replication (Katinka et al., 1980; Katinka
et al., 1981). Similar studies were done by two other groups (Sekikawa
and Levine, 1981; Fujimura et al., 1981). The same sequences were
included in a DNase I hypersensitive region and its ﬁne structure was
modiﬁed in the host range mutants (Herbomel et al., 1981). In studies
that followed we showed that the non-coding region of polyoma
contained two distinct enhancers with different cell speciﬁcities and
that these enhancers were modiﬁed in the host range mutants
(Herbomel et al., 1984). The studies on the polyoma EC mutants were
followed by isolation of viruses that were adapted to grow on mouse
trophoblasts (Tanaka et al., 1982), Friend erythroleukemia cells or
neuroblastoma (Delli Bovi et al., 1984; Maione et al., 1985). Again in all
these cases mutations and sequence rearrangement occurred in the
non-coding region of the polyoma genome conﬁrming the key role
played by this region in controlling virus growth in different cell types.
Together with the studies on the immunoglobulin enhancer, these
early studies on papova viruses transcription control sequences set up
trends for future studies on mammalian gene control. They demon-
strated that transcription is controlled by proximal promoter
sequences and by enhancer sequences that can be far upstream,
downstream or in themiddle of genes. These and other studies further
showed that enhancers are involved in the tissue selectivity of gene
expression and that nuclease sensitivity is a good criteria for the
identiﬁcation of transcription control sequences.
General and gene speciﬁc transcription factors
In parallel to the identiﬁcation of transcription start sites,
promoters and enhancers in transfection studies, a number of
investigators started to use viral sequences as templates for in vitro
transcription with nuclear extracts or puriﬁed RNA polymerase II. It
became evident that the pure RNA polymerase II neither is able to
initiate transcription at the correct site nor transcribe efﬁciently the
viral sequences. These led to the search for sigma like factor(s) and
culminated with the identiﬁcation of the general transcription factors
and gene speciﬁc activators. Ample evidence suggested that, like
phage and bacterial genes, viral or cellular promoters and enhancer
sequences bind proteins that modulate gene expression. High
resolution studies of the nuclease hypersensitive regions and later
dimethylsulfate (DMS) protection experiments clearly demonstrated
that the viral control regions, although not bound by histones, are
associated with nuclear proteins that generate protected and highly
sensitive residues inside the promoter/enhancer region of both SV40
and polyoma (Cereghini and Yaniv, 1984; Wildeman et al., 1986; Piette
and Yaniv, 1987). Furthermore, site directed mutagenesis clearly
demonstrated that small deletions/duplications or even single
nucleotide changes could modify the transcriptional activity of the
viral genome or sub-cloned fragments (Herr and Gluzman, 1985).
Investigating the transcription with HeLa cells extracts of several viral
and cellular promoters Dynan and Tjian isolated the Sp1 factor that
strongly stimulated transcription from the SV40 early and late
promoters while repressing transcription from the adenovirus late
promoter. They showed that Sp1 binds to the 21 bp repeats in the SV40promoter and that this binding is essential for transcriptional
activation (Dynan and Tjian, 1983a, 1983b).
The concurrent development of techniques to follow speciﬁc
protein–DNA interaction with nuclear extracts like DNase I foot-
printing or gel shift assays in the presence of large excess of
competitor DNA further substantiated the association of nuclear
proteins of cellular origin with viral control sequences. These assays
and the development of sequence speciﬁc DNA afﬁnity puriﬁcation
opened the way for the isolation of transcription factors. Indeed Sp1
was rapidly cloned and characterized as a Zn ﬁnger DNA binding
protein and transcription activator of some viral but many cellular
genes (Kadonaga et al., 1987). These studies coupled with site directed
mutagenesis, selection of mutants and revertants in vivo clearly
demonstrated that enhancer sequences bound several nuclear
proteins in close proximity and that they act synergistically to activate
transcription. The term of enhanson was proposed to deﬁne a
sequence in the enhancer that cooperates in transcription activation
by binding several proteins (Ondek et al., 1988).
Several other gene speciﬁc transcription factors that bind to the
SV40 and polyoma enhancers were isolated in the following years.
One of them, AP1 bound both to the SV40 and to the A enhancer of
polyoma as well as to the promoter of the metallothionin gene (Lee et
al., 1987; Bohmann et al., 1987; Piette and Yaniv, 1987; Martin et al.,
1988). It is composed of homodimers of the c-Jun proto-oncogene or
heterodimers between c-Jun and c-Fos. AP1 became one of the
paradigms for growth factors and signalling controlled transcription
factor. Other factors include the octamer motif binding proteins, Oct 1
and Oct2, which also bind to the immunoglobulin gene promoters
(Sturm, Das, and Herr, 1988; Clerc et al., 1988), PEA3 (Polyoma
Enhancer A binding protein 3) that was shown to be a member of the
Ets family of transcription factors (Xin et al., 1992) and PEA2 or PEBP2/
CBF that was shown to be the product of the AML1 gene that is
involved in a translocation associated with acute myeloid leukaemia
and binds DNA as an heterodimer with the beta subunit of this factor
(Ogawa et al., 1993). AML1 is the homologue of the Drosophila runt
segmentation gene and the human genome contains three ortholo-
gues. Another factor binding to the GT-IIC and Sph enhansons in the
72 bp repeat of SV40, TEF-1 (Transcriptional Enhancer Factor 1), was
cloned by Xiao et al. (1991).
During the following decade the general transcription factors
TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH that are essential for the basal
level of transcription initiation by pol II were characterized, puriﬁed
and the corresponding genes were isolated. However even in their
presence, initiation is not stimulated by the upstream promoter
sequences in the absence of gene speciﬁc transcription regulators.
Dependence of transcription on enhancer sequences was more
difﬁcult to demonstrate in vitro. Several papers reported the
stimulation of transcription by enhancer sequences frequently with
the use of chromatin templates. It became obvious that gene speciﬁc
transcription factors do not only talk to the general transcription
factors and to the mediators but also to histone modifying enzymes
and to chromatin remodelling complexes.
A link between transcription control elements and
DNA replication
Dissection of the minimal sequences required for efﬁcient viral
DNA replication in the presence of T antigen in trans indicated the T
antigen binding sites and an AT rich region per se are not sufﬁcient for
optimal rates of replication. Several studies clearly demonstrated that
enhancer sequences are essential for full rate of DNA replication (de
Villiers et al., 1984; Muller et al., 1988). This assay was also used to
dissect the sub structure of the polyoma virus enhancer. Four
elements D, A, C and B (de Villiers et al., 1984) were deﬁned with
this assay (Veldman et al., 1985). Mutations that affect transcription
also affect replication and revertants of enhancer mutants restore also
373MinireviewDNA replication (Martin et al., 1988). However, contrary to activation
of transcription, enhancer sequences have to be contiguous to the ori
sequences for their action. An elegant study showed that enhancer
sequences can be replaced by a binding site for a foreign transcription
factor, which can fulﬁll a similar function (Bennett-Cook and Hassell,
1991). It is plausible that transcription factors binding to enhancer
elements are essential for induction of a permissive chromatin
structure at the origin of replication.
I hope that this brief report succeed in delivering the central role
played by research on SV40, polyoma and adenovirus in discovering
unexpected principles and unravelling basic mechanisms in gene
structure, transcription mechanisms and its control and RNA matura-
tion, DNA replication and chromatin assembly etc.
Coupled with the study of the function of viral early proteins and
their interaction with cellular tumour suppressor gene products or
proto-oncogenes research on these viruses helped us unravel the
mysteries of the mammalian cells, an endeavour that was unexpected
30 years ago.
For space limitationwe could not cover all the literature on papova
virus transcription. We apologize to our colleagues for the incomplete
and plausibly biased report.
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